Abstract. In this work, the effects of Single-walled carbon nanotubes (SWNTs), 4-Chloro-3, 5-Dimethylphenol (PCMX) adsorbed SWNTs (named SWNTs-PCMX) and Poly-hexamethylene Biguanide Hydrochloride (PHMB) adsorbed SWNTs (named SWNTs-PHMB) on growth of Escherichia coli (E. coli) were investigated. The results showed that low concentration (0.1g/L) of SWNTs had no significant effect on the growth of E. coli, while 1g/L SWNTs inhibited E. coli. Within 25min, the killing log (KL) of SWNTs-PCMX (450mg/L) was 8.66 folds of KL without PCMX, in contrast the bactericidal activity was still lower than PCMX. The results of Fourier Transform Infrared Spectroscopy (FTIR) showed that the functional groups of PCMX in SWNTs-PCMX were adsorbed into the cavity of SWNTs, which led to the decrease of bactericidal effect. However, with the increase of time, the bactericidal activity of SWNTs-PCMX was enhanced, and it had a slow release effect. To further improve the bactericidal effect of SWNTs, the PCMX was replaced by PHMB, the KL of SWNTs-PHMB (320mg/L) was 2.7 folds than that of SWNTs-PCMX (450mg/L).
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Introduction
Carbon nanotubes (CNTs) is a kind of tubular structure material, which is formed by the curling deformation of flake graphite. Due to the particularity of the size and structure of CNTs, this material is widely used in new energy, new materials and biosensors [1] [2] [3] . In recent years, some researchers found that CNTs prevent plants from diseases and insect pests, as well as remove contaminants in drinking water by the adsorption of CNTs [4] [5] [6] . A large number of studies have shown that CNTs have antibacterial effects on E.coli, Staphylococcus aureus, Bacillus subtilis [7] and Salmonella [8] [9] [10] . CNTs can be divided into Single-walled carbon nanotubes (SWNTs) and Multi-walled Carbon Nanotubes (MWNTs) according to the number of graphite sheets. SWNTs, conceptualized by wrapping a one-atom-thick layer of graphite called graphene into a cylinder, possess the simplest geometry and their diameters range from 0.7-2nm [11] . Studies from Arepalli et al. have shown that both SWNTs and MWNTs inhibited growth of E.coli via Van der Waals forces to adsorb bacteria, or bundled the loose structure of bacteria into a block. But the Van der Waals forces of SWNTs is stronger than MWNTs, so the bactericidal activity of SWNTs is better [12, 13] . Yang et al. have shown that CNTs is capable of adsorbing polycyclic aromatic hydrocarbons, ketones, amines, phenols and other organic matter owing to special micropore structure, large specific surface area, and a variety of adsorption centers [14] [15] [16] . The results of our previous experiments showed that the antibacterial activity of SWNTs was lower. Therefore, this study was focused on increasing the sterilization effect of SWNTs by adsorption of disinfectant. Both PCMX and PHMB are frequently-used antibacterial and preservative. PCMX is a halogenated phenolic compound, which is used as bactericide due to denaturizing and precipitating microbial proteins. Thus, PCMX is widely applied to dermatology, general skin care, cosmetics and medical products [17] .
PHMB is a polymeric biguanide, and the bactericidal mechanism of PHMB is reducing the surface tension of bacteria, promoting emulsification, and then adsorbing to the surface of bacteria, and change the permeability of cell membrane [18, 19] . PHMB has been used as a pharmaceutical product for contact lenses, eye drops, and surgical procedures. In addition, PHMB is widely used in textile and food industry since many years owing to its low toxicity, no pollution to the environment and no damage to the product [20] . With the development of science and technology, the application field of PHMB is expanded again, it is being used in swimming pool, wastewater treatment, glass and other hard surfaces cleaning as an antiseptic agent. This study investigates the effects of SWNTs, SWNTs-PCMX and SWNTs-PHMB on the growth of E.coli.
Materials and Methods

Effect of SWNTs on Growth of E.coli
Atomic Force Microscope (AFM) Imaging. AFM image was used to get insight on the diameter of SWNTs (Beijing Boyu Gaoke New material Technology Co., Ltd., China). For AFM sample preparation, SWNTs, dispersed by Elmasonic T700/H ultrasonic cleaner (Elma Schmidbauer GmbH, Germany), were diluted with ultrapure water, placed onto a freshly cleaved mica substrate and nitrogen-dried. An Agilent 5500AFM/SPM (Agilent Technologies Inc., USA) equipped in contact mode.
Optical Density (OD) Growth Curve Measurements. E.coli (Shanghai Entry-Exit Inspection and Quarantine Bureau, China) were incubated at 37°C in a shaker incubator with constant agitation at 180rpm. Cell growth was monitored by measuring the optical density (OD) at 600nm every 25min on an UV2450 ultraviolet and visible spectrophotometer (Shimadzu, Japan). The OD growth curves were obtained by plotting the OD vs growth time. The time corresponding to exponential growth is directly related to the initial viable cell number in a sample defined as the growth time.
Effect of SWNTs on Growth Curve of E.coli. SWNTs solutions (0.1g/L, 1g/L and 10g/L) were added into E.coli suspensions with concentrations of ~ 10 7 -10 8 cfu/mL in flasks. The viable cell number in each sample was determined by surface plating of 1mL of appropriate dilution onto agar plate every 25min. Colonies were counted after 24h incubation of the plates at 37°C. The growth curves were obtained by plotting colony-forming unit vs growth time. They were compared with each other and with the control samples by counting the number of the colonies.
Effect of SWNTs-PCMX and PHMB-SWNTs on Growth of E.coli
PCMX Standard Curve Measurements. PCMX standard was diluted with ultrapure water, and the concentrations of PCMX were 10mg/L, 20mg/L, 30mg/L, 40mg/L, 50mg/L, 60mg/L and 70mg/L. The solution were detected by measuring OD232. The PCMX Standard curves were obtained by plotting the concentration vs OD232.
Synthesis of SWNTs-PCMX and PHMB-SWNTs. Follow the method from Lemke et al. [21] , the preparation of SWNTs-PCMX and PHMB-SWNTs was conducted as follow: SWNTs were diluted with ultrapure water, SWNTs solution were dispersed by ultrasonic cleaner at 25°C for 15min. PCMX (weight m (g)) and PHMB aqueous solution were added into the SWNTs solution under vigorous stirring respectively. Ultrapure water was slowly added into the mixture for 2h, the final concentration of SWNTs was 1g/L, and the reaction was allowed to complete for 20h. The aqueous solution was centrifuged for 5min, the supernate of SWNTs-PCMX aqueous solution was collected for OD232 detection. According PCMX standard curve, the weight of PCMX was m1 (g). The sediment was SWNTs-PCMX and PHMB-SWNTs stored at constant temperature drying box for the following experiments.
Adsorption Rate and Desorption Rate of PCMX in SWNTs-PCMX Measurements. Adsorption rate and desorption rate was determined by the method from Herrera et al. [22] using Eq. 1 and Eq. 2:
Adsorption rate 1 / 100%
( 1 )
The prepared SWNTs-PCMX was dissolved in 50mL ethanol solution, centrifuged for 5 min, then detected OD232. According PCMX standard curve, the weight of PCMX was m2.
Desorption rate / 100%
(2)
Effect of SWNTs-PCMX and PHMB-SWNTs on killing log (KL) of E.coli. Mix 1mL E.coli suspension, OD600 was 0.5, with 4mL solution containing SWNTs-PCMX or PHMBSWNTs and incubated for different time periods (3min, 25min and 50min for SWNTs-PCMX, and 10min and 30min for SWNTs-PHMB). Then take 0.5 mL the mixture mix with the neutralizer respectively. Added 1mL of the mixture to a sterile dish and pour into melted TSA, after coagulation, and incubated them for 24h at 37°C in an incubator. The number of colonies was counted and KL was calculated.
FTIR Imaging. The measurement of PCMX adsorption in SWNTs-PCMX for FTIR spectra was as follow. The FTIR spectra of SWNTs-PCMX in KBr were measured at room temperature by using a VERTEX70 FTIR spectrophotometer (Bruker Hongkong Limited, China) with the frequency range of 4000-500cm -1 .
Data Analysis
SPSS 20 software was used for statistical analysis. Graphpad prism 6 and Origin 9 were used for graphing and processing.
Results and Discussion
Effect of SWNTs on Growth of E.coli AFM Imaging. The AFM imaging of SWNTs was shown in Fig. 1 . The figure showed the outer diameter was 1.17nm with the scan range was 3.21μm×3.21μm. Effect of SWNTs on Growth of E.coli. The OD600 of E.coli suspension was detected every 25min. Growth curve of E.coli was shown in Fig. 2A . After incubating 160min, the OD600 was 0.4. The growth rate of E.coli increased obviously, and started the logarithmic growth phase. Thus, the target point of adding SWNTs to the cell suspension was OD600=0.4 in the following experiments.
The growth of E.coli with different SWNTs concentration was measured by OD600 (Fig.  2B) . Effect of 0.1g/L SWNTs on E.coli growth was not obvious within 75min. With the extension of time, the SWNTs promoted the growth of E.coli, while both 1g/L and 10g/L SWNTs inhibited E.coli. Khodakovskaya et al. Studied that low concentration of CNTs could affect the abundances of microbial communities in soil, and promote growth of Bacteroidetes and Firmicutes [6] . E.coli is one genus of Bacteroides, and our consequence was in agreement with this result. The results of Arias et al. showed that E.coli was inhibited with SWNTs concentration increase and reaction time extension [13] . In this experiment, the inhibition rates of 1g/L and 10g/L SWNTs were approximately 25.8% and 33.1% respectively, after 75min incubating. The inhibition rate of 1g/L SWNTs increased to 36.5%, and that of 10g/L SWNTs was 29.5% at 150min. With the extension of reaction time, the trend of antimicrobial activity did not change significantly, meanwhile both 1g/L and 10g/L SWNTs had same antibacterial effect. Therefore, the experimental concentration of SWNTs was chosen as 1g/L in following experiments. 
A. Growth Curve of E.coli B. Effects of SWNTs concentration on colony-forming unit of E.coli
Effect of SWNTs-PCMX on Growth of E.coli
Effect of SWNTs-PCMX on KL of E.coli. PCMX, a broad-spectrum antibacterial agent, has a killing effect on most bacteria, fungi, and it is applied to a variety of disinfectant and liquid soap. The concentration of surface disinfection is 450-550mg/L, in general. Because the solubility of PCMX in water is 0.03%, it is necessary to add organic solvent to dissolve. Owing to the strong adsorption of SWNTs, this study intended to study the inhibition of SWNTs-PCMX.
1) Adsorption Rate and Desorption Rate of PCMX in SWNTs-PCMX Measurements
The PCMX standard was diluted to different concentrations with ultrapure water, OD232 was measured and the standard curve was obtained in a concentration range from 10 to 70 mg/L for PCMX: Y=0.0085X-0.0079, R 2 =0.996 Different concentrations of PCMX (400 mg/L, 425 mg/L, 450 mg/L and 475 mg/L) were adsorbed to SWNTs (1g/L), and the adsorption rate and desorption rate of SWNTs-PCMX were calculated (shown in Table 1 ). As it seen from the table, with the increase of PCMX concentration, the adsorption capacity was enhanced, the adsorption rate reduced gradually, and the adsorption rate of 475mg/L PCMX was reduced by 3.3%, but there was no significant difference between different PCMX concentrations. The average adsorption rate of SWNTs-PCMX was 45.2%, and the desorption rate was about 9.7%. Compared with 400mg/L PCMX, the adsorption capacity of 425mg/L PCMX was significantly increased, but the adsorption rate had no significant difference. The adsorption capacity and adsorption rate of 450 mg/L PCMX were not significantly different from that of 475 mg/L PCMX, meanwhile the desorption rate was low. Therefore, the adsorption capacity of SWNTs on PCMX was strong, the loading was firm, and the solubility of PCMX in water was increased from 0.03% to 0.045%. Thus, the experimental concentration of PCMX was chosen as 450mg/L in following experiments. 2) Effect of SWNTs-PCMX on KL of E.coli SWNTs, PCMX and SWNTs-PCMX were added into E.coli suspension for 3min respectively, and KL was calculated (shown in table 2). From the table 2, with the increase of PCMX concentration, the bactericidal effect of SWNTs-PCMX was increased. In the meanwhile, the bactericidal effect of SWNTs and SWNTs-PCMX was similar, which was significantly lower than that of PCMX. It was speculated that SWNTs-PCMX had a sustained release property, and it was necessary to prolong the reaction time of sterilization. In addition, the adsorption of PCMX might be inhibited by the strong adsorption of SWNTs. The SWNTs-PCMX with different concentrations of PCMX were added into E.coli suspension, then KL were calculated with colonies to the after difference reaction time (25min and 50min), and the results were as follows (Fig. 3) . The results showed that the KL of SWNTs-PCMX was significantly increased with the increase of PCMX concentration, and the KL of 450mg/L PCMX on SWNTs-PCMX was 8.66 folds higher than that of SWNTs at 25min. With the extension of reaction time, the bactericidal activity of SWNTs-PCMX was improved. The KL of 450mg/L PCMX on SWNTs-PCMX was increased from 2.30 (25min) to 3.60 (50min). However, the KL of SWNTs was increased 0.1with increase of time. Therefore, the increasing PCMX concentration or prolonging reaction time enhanced the bactericidal effect of SWNTs-PCMX. 3) FTIR spectroscopy of SWNTs-PCMX analysis FTIR is used to obtain information on the corresponding functional groups to determine the nature of possible degradation interactions [23] . For the further study about the weak antibacterial effect of SWNTs-PCMX, PCMX standard, SWNTs and SWNTs-PCMX were measured by FTIR respectively. The results were processed by Origin 9 software (shown in Fig. 4) . As is shown, based on the FTIR imaging of PCMX standard, the intensities of the -OH stretching mode at 3320 cm -1 , benzene ring stretching mode at 1600 cm , -CH3 stretching vibration peak of saturated C-H bond is 2900 cm -1 , benzene methyl (-CH3) between the two characteristic peaks of substituted stretching mode at 860 cm -1 were stronger than that of SWNTs-PCMX. In the different concentration of SWNTs-PCMX, the absorption peaks of -OH and -Cl were weak, and there was no new absorption peaks. It was speculated that the two main functional groups (-OH and -Cl) which had bactericidal effect were adsorbed into the cavity of SWNTs. Therefore, the bactericidal effect of SWNTs-PCMX was worse than that of PCMX. 
Effect of SWNTs-PHMB on KL of E.coli
Due to the adsorption of SWNTs, the bactericidal activity of SWNTs-PCMX was decreased. So we considered to change PCMX into a disinfectant without hydroxy and benzene ring structure. PHMB, a kind of cationic surfactant with broad spectrum of antibacterial activity, has low toxicity and less pollution. In addition, it has an antibacterial effect on bacteria and fungi [24] . PHMB is a linear hydrocarbon with large formula weight, conducive to be adsorbed by SWNTs.
SWNTs-PCMX and SWNTs-PHMB were added into cell suspension for different time (10min and 30min) respectively, then calculated their KL (shown in Fig. 5) . Fig. 5 showed that the bactericidal activity of SWNTs-PHMB was better than that of SWNTs-PCMX. With the extension of time, the disinfectant effect was increased significantly. After 30min, the KL of SWNTs-PHMB reached to 4.06, which was better than that of SWNTs. The KL of SWNTs-PHMB was 2.7 folds that of SWNTs, and 1.56 folds that of SWNTs-PCMX. Hence, it can be considered that the bactericidal effect of SWNTs-PHMB was better. 
Conclusion
The results showed that SWNTs with higher concentration, SWNTs-PCMX and SWNTs-PHMB could inhibit the growth of E.coli. After 10min, the bactericidal effect was SWNTs-PHMB, SWNTs-PCMX and SWNTs, from strong to weak. It was indicated that the sterilization effect of SWNTs was increased after adsorbing PCMX and PHMB. The FTIR imaging had shown that the effective functional group of SWNTs-PCMX was adsorbed to the cavity by SWNTs, which resulted in the decrease of bactericidal effect of SWNTs-PCMX compared to PCMX. But the effect of SWNTs was increased significantly, and the slow release performance of coated SWNTs was increased.
